Physiologically-based pharmacokinetic models are increasingly applied for pediatric dose selection along with traditional methods such as allometry and population pharmacokinetic models. We report a retrospective evaluation of the three methods. Pediatric population pharmacokinetic models sourced from literature for a subset of eight compounds were used to predict clearances for children < 2 years when they were within the modeled age range (interpolation, N = 11) or including those outside the modeled age range (interpolation and extrapolation, N = 18). Pediatric/adult clearance ratios were evaluated with a strict performance criterion of 0.8-1.25 and with twofold criteria. For children > 2 years, 58-75% of the clinical studies (N = 10) met the strict criteria, and > 80% of the clinical studies were predicted within twofold by all three methods. For children < 2 years, physiologically-based pharmacokinetic, allometry with age-dependent exponents, and pediatric population pharmacokinetic models predict 54%, 82%, and 64% within twofold of the observed, respectively.
Physiologically-based pharmacokinetic models are increasingly applied for pediatric dose selection along with traditional methods such as allometry and population pharmacokinetic models. We report a retrospective evaluation of the three methods. Pediatric population pharmacokinetic models sourced from literature for a subset of eight compounds were used to predict clearances for children < 2 years when they were within the modeled age range (interpolation, N = 11) or including those outside the modeled age range (interpolation and extrapolation, N = 18). Pediatric/adult clearance ratios were evaluated with a strict performance criterion of 0.8-1.25 and with twofold criteria. For children > 2 years, 58-75% of the clinical studies (N = 10) met the strict criteria, and > 80% of the clinical studies were predicted within twofold by all three methods. For children < 2 years, physiologically-based pharmacokinetic, allometry with age-dependent exponents, and pediatric population pharmacokinetic models predict 54%, 82%, and 64% within twofold of the observed, respectively.
Pediatric drug development has been hampered by the cost of developing new formulation, ethical constraints to drawing blood, and other practical difficulties. The dosing of drugs approved for pediatric use were therefore often based on adult doses. To minimize the risk of treatment failures, toxicities, and other drug-related adverse events often associated with off-label pediatric dosing, regulatory agencies now require sponsors to submit pediatric trial plans at the end of the phase II study (following the availability of exposure-response data in adults) and prior to the initiation of phase III studies as part of new drug approval. 
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? ✔ Difficulties in conducting pediatric trials lead to the suboptimal dosing of drugs approved for children. Regulatory agencies have therefore mandated pediatric study plans to be submitted and require pharmacokinetics, pharmacodynamics/efficacy, and safety studies in children. Dose selections for these pediatric studies were traditionally done with allometry and population pharmacokinetics, but they could be inadequate for children < 2 years because of organ maturation. Mechanistic physiologically-based pharmacokinetic models may fill this gap.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔ A comparative evaluation of the methods using drugs with diverse elimination routes to address how current methods for pediatric exposure prediction can be optimally leveraged.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔ All three methods are comparable for children aged > 2 years. For the children aged < 2, adult to pediatric extrapolation with physiologically-based pharmacokinetic models is better than with simple allometry, but performance of physiologically-based pharmacokinetic models is comparable with allometry with age-dependent exponents. Population pharmacokinetics performs best for interpolation. HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS? ✔ The sparse data from physiologically-based pharmacokinetic models or allometry with age-dependent exponents to select starting dose and to design the confirmatory studies in children can be used for building a population pharmacokinetics model to predict exposure in different subpopulations of children < 2 years of age with better precision. new route of administration, or new active ingredient of an approved drug/biologic product for certain indications. Studies for orphan indications are exempt from the Pediatric Research Equity Act. However, the Best Pharmaceuticals for Children Act authorizes the FDA to request studies of approved and/or unapproved pediatric orphan indications, paving the way for voluntary pediatric drug assessments, including clinical and nonclinical studies via a written request. 1 the Pediatric Research Equity Act mandates the submission of a pediatric study plan, providing an outline of the pediatric study/studies that the sponsor plans to conduct prior to the submission of the New Drug Application or Biologic License Application as well as plans to extrapolate efficacy from adult to pediatric patients or from one pediatric age group to another. In its guidance to the industry, the FDA provides a decision tree that shows when partial or even full pediatric extrapolation may be applicable 2 ( Figure 1 ). Similar considerations apply for the submission of a Pediatric Investigation Plan by the sponsor at the end of phase II to the European Medicines Agency (EMA). Pediatric clinical trials should be designed to fill knowledge gaps. To increase the likelihood of success for a pediatric trial, guidelines from the FDA 3 and the EMA 4 encourage various innovative approaches. The demonstration of safety or efficacy in the dose range tested in pediatric trials requires optimal dose selection. Allometric scaling, population pharmacokinetics (popPK) modeling, or physiologically-based pharmacokinetic (PBPK) models are some of the frequently used methods to inform pediatric dosing and study design. Plasma proteins and enzyme and transporter levels are some of the key physiological parameters that impact drug exposure in adults and children. Because growth and organ maturation in children < 2 years of age impact these key sensitive parameters, clearance (CL) may not correlate with body weight. Therefore, simple allometric methods (exponent of 0.75) are not expected to perform well for this age group. Instead, the use of body-weight or age-dependent exponents have been proposed. 5, 6 Because maturation is completed by 2 years of age, size could be the main predictor of drug CL in a pediatric population > 2 years. 7 Given the distinct physiology of children from adults (see Table S1 ), traditional approaches such as allometry that consider differences only related to body weight and body surface area are likely to over or underpredict drug CL in pediatric patients, especially for infants that are < 1 year. 8 PopPK uses a mathematical model to describe the sparse pharmacokinetic (PK) data collected from pediatric populations in clinical studies. Variability in key model parameters are captured in equations, relating them to measurable covariates such as body weight, age, and so on. PBPK models are mechanistic mathematical models describing the disposition of drugs in an organism through the integration of multiple developmental, size, and disease differences. Both popPK and PBPK models 9 can predict drug exposure across a wide range of ages and weights as well as consider differences in maturation and organ function. Pediatric PBPK models have been built for several small [10] [11] [12] [13] and large molecules 14 and used for pediatric trial design and dose selection involving extrapolation from adult to pediatric or from one pediatric subpopulation to another.
Several evaluations of the PBPK approach for small molecule drugs are reported in the literature. [15] [16] [17] [18] Johnson et al. 15 compared the performance of CL prediction by simple allometry and pediatric PBPK model incorporated in Simcyp (Certara, Sheffield, UK) for 11 drugs and demonstrated better prediction accuracy for PBPK compared with simple allometry, especially in children < 2 years old. Zhou et al. 17 used 10 compounds metabolized by Cytochrome P450 (CYP)3A4 to demonstrate the value of PBPK pediatric predictions for children < 2 years of age. Although simple allometry with a constant bodyweight exponent of 0.75 performed badly for the < 2 years children, 19 a recent study demonstrated that allometry with age-dependent exponents (ADEs) predicted 87% of the 130 studies evaluated within a twofold error margin, which was comparable with PBPK. 20 Evaluation of PK-Sim (www.systems-biology.com), another widely used PBPK platform for pediatric applications, has been reported. 8 Performance accuracies of PBPK and popPK have been reported to be good for renally cleared compounds 6 and for valganciclovir. 13 Templeton et al. 16 reviewed recent pediatric clinical literature on 31 small-molecule drugs to investigate the contribution of PBPK in understanding the impact of physiological differences in determining drug dose in children and in adults. Many of these evaluations are based on reviews of pediatric models developed by different modelers. This may introduce a modeler bias that could impact the conclusions drawn from these evaluations. Not all evaluations conformed to the learn-confirm principles practiced today. The absence of a systematic comparison of PBPK, allometry, and popPK models for Figure 1 US Food and Drug Administration (FDA) decision tree for pediatric study planning. The extent of similarity in disease (with respect to pathophysiology and progression) and response to drug intervention (mode of drug action and biological pathway like a marketed drug belonging to the same therapeutic class and assessed by similar endpoints) between adults and children determines which of the three major pediatric studies should be undertaken: pharmacokinetics only, phar macokinetics/pharma codynamics, or pharmacokinetics/efficacy. Safety studies are required in all scenarios. PD: pharmacodynamic. pediatric dose selection, the lack of diversity in the compounds selected, and the need to reduce modeler bias prompted the initiation of this study. The objective of this work is to use a diverse set of compounds to evaluate PBPK models for pediatric dosing using CL as a surrogate for dose and compare their performance alongside traditional methods such as allometry (simple allometry and allometry with ADEs) and popPK.
METHODS

Compound selection
The following criteria were applied to select compounds for the study:
1. Pediatric PK studies available for many age groups 2. The ratio of adult dose/pediatric dose > 1.25 or < 0.8 3. Adult intravenous (i.v.) PK available for oral drugs
The following 13 compounds met the selection criteria: amikacin, bosentan, caffeine, clindamycin, diclofenac, docetaxel, itraconazole, lorazepam, midazolam, montelukast, ropivacaine, sotalol, and theophylline. Of these compounds, 5 are in the Simcyp (midazolam, caffeine, theophylline, lorazepam, and diclofenac).
Data collection
Physicochemical properties and in vitro Absorption, Distribution, Metabolism and Elimination data were obtained from the Drug Bank (https://www.drugbank.ca) and from the literature. All data are presented in Table 1 . The 13 compounds chosen for the analysis represent a broad range of physicochemical properties (lipophilicity, biopharmaceutical classification system, and compound type) and major elimination pathways (five CYP3A, three CYP1A2, one CYP2C9, one CYP2C8, one UDP-glucuronosyltransferase (UGT)2B7, two renal). Clinical PK data for the different adult and pediatric populations were collected from the literature. A total of 59 clinical studies from the 13 compounds were available, of which 4 premature infants (< 1 month), 4 neonates (< 1 year), 19 infants (1-2 years), 11 young children (2 years up to 6 years), 13 children (9-11 years), and 6 adolescents (12-18 years) were included. The details of these studies are presented in Table S2 . The plasma concentration-time profiles were digitized using the software WebPlot Digitizer v.3.12 (https://automeris.io/WebPlotDigitizer/). Models PBPK. Whole-body PBPK models are in silico models that mathematically describe the mechanisms underlying drug disposition in an organism. They predict the PK profiles based on compound physicochemical properties and multiple anatomical and physiological parameters of the individual, such as organ volumes, tissue composition, and blood-flow rates. The gastrointestinal compartment in the whole-body PBPK model is further divided as described by the advanced compartmental absorption and transit model. 21 The inclusion of gut metabolism, efflux, and influx transport in the gut compartments enables the prediction of the gut bioavailability of compounds. For the purpose of this analysis, we use the PBPK model implemented for adult and pediatric populations in Simcyp version 17.
PBPK workflow overview. Pediatric PK parameters are typically predicted using a pediatric PBPK model that has been developed using an adult PBPK model and clinical PK data. Workflows for pediatric PBPK model development with i.v. and oral adult PK data are shown in Figures 2 and  3 . Intrinsic CL is obtained from the CL observed in adult PK studies (preferably i.v.) using the retrograde calculator in Simcyp.
Simple allometry. Pediatric CL is estimated knowing the adult CL using body size (mg/kg) according to the following equations PopPK. Pediatric popPK equations that were used in this analysis were obtained from the literature and are presented in Table 2 . These equations were used to predict CL for children < 2 years when they were within the modeled age range (interpolation, N = 11) or including those outside the modeled age range (interpolation and extrapolation, N = 18). In the case of interpolation, the CL for children belonging to the age group of interest are estimated using the popPK equation derived from a base pediatric population covering that age group. In extrapolation, the age of the children for whom CL is estimated lies outside the range of age groups in the base pediatric population, described by the popPK equation.
Comparison of model performance
To compare the predictive performance of different methods, the pediatric/adult ratios for CL and maximum plasma concentration follwing oral drug administration (C max ) were calculated for every clinical study for both the observed and predicted data. The following two different prediction performance criteria were used: observed to predicted pediatric CL ratio in the range (i) 0.8-1.25 (similar to the bioequivalence criteria) and (ii) 0.5-2 (twofold). The percentage of clinical studies that satisfied this stringent criterion were determined for each of the three prediction methods for the 30 clinical studies in children < 2 years of age and 29 clinical studies in children > 2 years of age. The popPK equations were available only for a subset of compounds under investigation. Therefore, the percentage of clinical studies in the < 2 and > 2 subpopulations that satisfied the performance criteria ranges were also calculated for the subset of clinical studies that had the popPK data.
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RESULTS
Plasma concentration-time profiles from PBPK simulations corresponding to all doses in adult and pediatric subpopulations along with observed profiles are available as Figure  S1 . Observed and predicted (PBPK, simple allometry, and popPK models) pediatric to adult (P/A) ratios for CL and C max of all the studies are shown in Figure S2 . Observed and predicted (PBPK, simple allometry, allometry with ADEs, and popPK methods) for CL and C max for all 59 pediatric studies are presented in Table S3 . The predicted overobserved ratios for both CL and C max values from different methods are presented in Tables S4 and S5 , respectively. Observed P/A ratios were > 1 for about half of the clinical studies and close to 1 for 16 studies. The percentage of predictions that met the two performance criteria are presented In Table 3 . All three methods have comparable prediction performance for children > 2 years of age, with around 55% and nearly all the 29 studies meeting the stringent or twofold criteria, respectively. For children < 2 years of age, the performance of all methods is markedly poorer, especially with the stringent criteria. There were seven compounds for which the popPK model could be evaluated. The percentage of predictions that met the stringent performance criteria for a subset of the clinical studies for these seven compounds were 33%, 11%, and 28% for PBPK, simple allometry, and popPK, respectively; 67%, 33%, and 44% of the predictions met the twofold criteria. Allometry with ADEs was included for the < 2, and it was comparable with PBPK with 38% and 72% of the studies meeting the stringent and twofold criteria, respectively. For the subset of clinical studies for which popPK equations have been used only for interpolation, popPK outperformed PBPK with respect to both criteria and outperformed allometry with ADEs with respect to the twofold criteria only.
DISCUSSION
A paucity of observed pediatric PK data have long been a barrier to validation efforts. With regulatory agencies mandating pediatric evaluations, more and more data are being generated. Literature reports of PBPK model evaluation for pediatric exposure predictions generally employ a bottom-up PBPK approach, 8, 15 which relies on a good recovery of the in vivo CL in the base population from in vitro intrinsic CL measured in recombinant systems. In the absence of an in vitro-in vivo correlation, a middle-out approach may have to be employed. There are a few comparative evaluations in the literature that use a top-down method of using adult CL to extrapolate to pediatric CL. The top-down method used in this analysis has the advantages of not relying on in vitro-in vivo correlation, which is likely to be poor for non-CYP pathways. Both methods assume that the elimination pathways of a drug are the same across adult and pediatric populations. To further reduce the reliance on in vitro data, most (10/13) compounds chosen for this study had one major elimination or metabolic pathway. To better characterize the elimination pathways, the selection criteria required availability of drug exposure in adults following i.v. administration. This selection criteria requirement limited HLM. the number of compounds to 13. Only 7 of these 13 compounds had oral administration (PO) data. Of these, the use of the advanced dissolution, absorption, and metabolism model was restricted to the subset of four compounds with less than complete gut bioavailability (Table S6) , because formulation differences, changes in gut physiology and intestinal loss are likely to impact only these four drugs.
The volume of distribution in children younger than 2 years of age is likely to be higher in neonates and infants than in adults for hydrophilic drugs, whereas the reverse is true for lipophilic drugs. This is a result of the high total body water in neonates and infants when compared with adults (Table S1 ). In this analysis, 11 of the 13 compounds had volume of distribution data in both adult and pediatric populations. As might be expected, the hydrophilic compounds amikacin and caffeine (but not theophylline) had up to two-to threefold higher volume in neonates when compared with adults. The most lipophilic compounds (montelukast, itraconazole, and diclofenac) also showed large variations among the different populations. Contrary to expectations, there was no trend with age. These compounds generally had a high volume of distribution and high associated variability between adult and pediatric subpopulations. The volume of distribution of the remaining six drugs was comparable between adults and children. Therefore, the observed volume of distribution in adults was used as input for the pediatric simulations. This may lead to a poor simulation of the shape of the PK profile and impact the C max predictions in the pediatric populations for compounds that have different volumes of distribution in the pediatric subpopulations when compared with adults. However, the alternative of use of 
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Wu and Peters a full PBPK model is also likely to introduce uncertainty in a drug-development setting. For drugs metabolized by the liver, the effect of volume of distribution usually becomes apparent in < 2 months. In a fit-for-purpose approach, CL is used as a surrogate for the pediatric dose in this analysis, assuming the volume of distribution has little impact on dose. The P/A ratios of body-weight-adjusted CL were calculated for pediatric studies in all 13 compounds to allow for an easy assessment of the extent of deviation of pediatric The percentage values in the table refers to the percentage of clinical studies for which the predictions of pediatric to adult clearance ratio meet the performance criteria.PBPK, physiologically-based pharmacokinetic model; PK, pharmacokinetics; PO, oral administration; popPK, population pharmacokinetics; Cmax, maximum plasma concentration follwing oral drug administration.
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CL from adult values. Simcyp, allometry, and popPK have been evaluated with both a strict performance criterion of 0.8-1.25 as well as the more widely used twofold criteria. By virtue of the constant exponent of 0.75 in the simple allometric equation, the body-weight-adjusted CL in children is always expected to be higher than that of adults (P/A > 1), tending toward 1 with increasing age. Simcyp and popPK can also lead to < 1 P/A ratios and do not show any trend with age, consistent with the observed. The lack of trend should be expected given that the multiple physiological factors contributing to age-dependent CL are not always following the same direction. The CL in neonates for amikacin and sotalol, the two renally cleared drugs in our compound set, are better predicted with PBPK when compared with allometry. Allometry overpredicts renal CL in both drugs, as may be expected. For drugs such as amikacin, whose renal CL are exclusively determined by glomerular filtration rate, the pediatric dosing of renally cleared drugs is in fact based on markers of renal excretion (creatinine CL or p-aminohippuric acid CL) 10 for the < 2 and on body surface area for > 2.
Caffeine, ropivacaine, and theophylline are predominantly cleared by CYP1A2. In caffeine, a dramatic increase in bodyweight-adjusted CL with age in the neonates could not be predicted by PBPK, popPK, or allometry. Ropivacaine and theophylline CL following i.v. dosing were well predicted for all age groups except for the < 1-month age group. Despite the good prediction of i.v. CL of theophylline in children aged 1 to 5 years, the much higher oral CL and the consequent lower C max in the same age group was not predicted in PBPK, suggesting a greater role for intestinal loss in children when compared with adults.
For the three compounds (midazolam, caffeine, and theophylline) for which clinical studies in the premature were available, Simcyp predicts a 100% renal CL. Unlike the premature population, there are no dramatic shifts in the relative contribution of pathways to the overall CL of drugs in other populations.
The pediatric CL for the CYP3A substrate bosentan (PO), CYP2C9 substrate diclofenac (i.v. and PO), UGT2B7 substrate lorazepam (i.v.), and CYP2C8 substrate montelukast (i.v.) were well predicted by all methods in all subpopulations. Allometry and PBPK underpredict the CL of itraconazole (i.v.) in all pediatric subpopulations. This underprediction is more pronounced for infants as reported in the literature. 23 The poor prediction of clindamycin i.v. CL in neonates and infants by all three methods is not understood. For montelukast (PO), predominantly cleared by CYP2C8, although both PBPK and allometry show little difference in oral CL with age in infants, there are dramatic changes with age observed in this population. PBPK models are most informative when supported by empirical data. For highly bound compounds, the use of protein binding measured in the different subpopulations may improve predictions.
Overall, it may be said that PBPK, allometry with ADEs, and popPK have comparable performance, consistent with what has been reported previously. 6, 13, 20 However, in clinical studies where pediatric popPK models were employed for both interpolations and extrapolations, PBPK and allometry with ADEs appear to be better than popPK. However, in clinical studies where pediatric popPK models were employed for interpolations alone, pediatric popPK outperforms PBPK with respect to both criteria and allometry with ADEs with respect to the stringent criteria. It should be remembered that although the base population for the popPK approach is always children of different age groups, the base population for PBPK and allometry with ADEs in our analysis is always adult. Thus, it is fair to conclude that PBPK and allometry with ADEs are better for pediatric extrapolation from adult, whereas popPK is better when sufficient pediatric data are already available to allow for a meaningful interpolation. These results suggest that extrapolation from healthy adult using PBPK or allometry with ADEs can be used for the dose range selection and study design of pediatric studies. The margin of prediction errors can guide starting dose selection. Once the pediatric PK becomes available, popPK models can be built to optimize doses for different pediatric subpopulations.
Both PBPK and popPK models perform better than simple allometry, especially for children < 2 years of age. The lack of body-weight correlation for the children aged < 2 years demonstrates that this subpopulation of children cannot be treated as small adults. 5, 6, 20, 24, 25 It also suggests that the exponent of 0.75 in simple allometry cannot be universal. However, the use of age-segmented 5, 6, 20, 24, 25 exponents in allometry has the potential to considerably improve predictions as demonstrated in this analysis.
The tendency for better prediction performance for children aged > 2 when compared with the children aged < 2 years is also evident for C max predictions by PBPK. There appears to be a bias toward overprediction of C max for the clinical studies evaluated in this work, but with few clinical studies having C max data, conclusions are difficult to draw. Deviations in predicted CL from the observed in similar populations may be contributing to the discrepancy in C max . This is the case for bosentan, midazolam, montelukast, and theophylline, but it cannot explain the observations in caffeine and sotalol. Bosentan, midazolam, and theophylline are all CYP3A substrates. It is noteworthy that the former two drugs have a product of fraction absorbed (Fa) and gut bioavailability (Fg) Fa•Fg < 1. A higher P/A for per oral clearance (CLpo) when compared with intravenous CL for midazolam and theophylline (two of the CYP3A substrates with both i.v. and PO) also suggests a greater role for intestinal loss (as a result of suboptimal absorption, gut metabolism, or efflux) in children. As pediatric formulations are generally designed to improve absorption in children, suboptimal absorption may be ruled out as a potential cause for intestinal loss.
SUMMARY AND CONCLUSION
For children > 2 years of age, the performance of all methods evaluated (PBPK, allometry, and popPK) are comparable. However, for children aged < 2 years, the adult to pediatric extrapolation with PBPK is superior to that with simple allometry and comparable to allometry with ADEs. Adult to pediatric extrapolation with either PBPK or allometry with ADEs is superior to pediatric extrapolation using a pediatric popPK model. However, pediatric interpolation with pediatric popPK provides better predictions in the
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Wu and Peters individual pediatric subpopulations. These results support the use of adult to pediatric extrapolation by either PBPK or allometry with ADEs to select starting dose and to design the confirmatory studies in children, the sparse data from which can be used for building a popPK model to predict exposure in different subpopulations of children < 2 years of age with better precision. PBPK platforms generally reflect the current scientific knowledge in the biology, physiology, and pathophysiology of different pediatric age groups. Although some of the processes are well characterized, there are knowledge gaps in others (especially related to non-CYPs and transporters) that remain to be understood. This analysis underscores the need for a better understanding of the impact of growth and maturation on drug disposition in children < 2 years of age. Filling knowledge gaps in growth and maturation trajectories, gastrointestinal fluid composition, absorptive surface area along gastrointestinal tract, development patterns for CYPs and phase II enzymes, transporter ontogeny in the gastrointestinal tract, and liver pathophysiology will allow for the full potential of PBPK models to be leveraged. The tendency for overestimating the C max of CYP3A substrates by PBPK highlights the need for a better understanding of gut bioavailability in children. With more data from pediatric studies expected to be generated in the coming years, a collective experience on pediatric PK will provide an opportunity for improved PBPK models in the future. Extensive and continuous evaluations of PBPK models as and when they are updated with new knowledge will serve to enhance regulatory acceptance of PBPK approach for prospective predictions of pediatric exposure.
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